ABSTRACT
INTRODUCTION
Neutral compensation in ENEL has been massively and successfully applied in the last years on the medium voltage network. The principal successes have been the improvement of the quality of service and the reduction of earthfault currents. The system evolution affected the network operation and the protection system and allowed the implementation of more and more sophisticated methods and functions. In order to adjust the compensation (adjustable coils) or to monitor the acceptable operating condition (fixed coils), one of the key factor is the determination of the network parameters and the resonance point.
Many methods have been introduced and improved along the years. In the recent past a new injection method, the pulse injection, was developed by ARS (patent pending ) and successfully tested on ENEL MV network. At that time, the injection was applied to auxiliary winding of the adjustable Petersen coil and the method was described in paper 0120 presented to CIRED2007. This paper reports two important further improvements in pulse injection: -the possibility to use a VT for inject the pulse; -the introduction of the "passive injection". The latter is obtained just shortcircuiting the secondary side of a VT in phase-earth connection.
These improvements represent the last achievement for reaching the independence from coil type in a way similar to tap changer for transformer. At the same time the problem to monitor the fixed coils is also solved.
In addition to the main scopes the pulse injection method gives the possibility of -Earth fault current prediction (fundamental frequency and harmonics) in the case of a low ohmic earth fault; -reconstruction of the current flowed at the fault position as a function of time after the occurrence of the fault. Lastly, the pulse injection technique and the transient analysis are generating a series of new devices enhancing network knowledge and management.
PULSE INJECTION DESCRIPTION
In the publication [1] the pulse injection method was presented. It was the "active injection", that is an injection obtained by discharging a capacitor for a short time over the auxiliary winding of a Petersen coil. Actually with another successive patent, ARS introduced the "passive injection", that is the possibility to inject pulses on the network shortcircuiting the secondary side of a VT for few milliseconds (roughly 3-5) . This injection demonstrated to be equivalent to the "active injection" formerly implemented. Another step forward is represented by the usage of a VT for the injection: the active injection is used when the VT is in parallel to the coil or, anyway connected to the neutral point; the passive injection is used when the VT is in a phase-to-earth connection. The two injections are schematized in fig. 1 . 
INJECTION VT
In order to verify the possibility to inject via a VT, a common VT used in the ENEL substation was used. In order to keep and reply the configuration similar to the already tested (500V auxiliary winding of Petersen coil) we got a special VT ratio of 20000:√3/500. Otherwise, using the 100V secondary side would have required a heavy modification of the active injection circuitry and parametering. Such a VT was provided by a traditional ENEL manufacturer, modifying the secondary winding of the type used in ENEL HV/MV substation. This solution was not the optimal one, but was surely the quickest and simplest possible. On the other hand, only the feasibility had to be proven.
The equivalent circuit of the VT is described in the following. In the description there are also the values measured on the employed VT. It must be noted that, in order to realize good approximation of Dirac-pulse, the time constant of the circuit (the quotient of the stray inductivity and the equivalent secondary ohmic resistance) must be sufficiently smaller than the network time constant. Another constraint is represented by ohmic resistances that limit the injection current. 
TEST DESCRIPTION
This field test series was performed to check in the real field all the features of the extended injection method in compensated networks using a low cost Voltage Transformer (VT) instead of the auxiliary winding of a Petersen Coil. These tests where made in two different HV/MV substations, with fixed and mobile Petersen coil. The coils were connected to a 15KV distribution network and the tests have been split into four sessions:
• passive injection on a fixed coil • active injection on a fixed coil, in parallel to the coil • active injection into the 500V auxiliary winding of a mobile (adjustable) coil • passive injection applied directly to the busbar VT equipping the substation and feeding the protection system All the tests gave excellent results, confirming the proper operation of the algorithms and devices. In addition, interesting investigation issues can be derived from the analysis of the curves detected. For space reason, this paper displays only a sample of the results and measures obtained.
Part 1: passive injection on a fixed coil
The first trial phase tested the method of the so called "passive injection" using the low cost VT described above. This injection method works in the way that the primary winding of a VT is connected between a single phase and earth, while the secondary winding is short-circuited or connected to a low impedance load by the injection unit for some milliseconds. The used type of VT has an equivalent ohmic resistance of 21 Ohms and an equivalent stray inductivity of 30 mH, both related to the secondary winding. So, the result for the time constant as the quotient of the stray inductivity and the equivalent secondary ohmic resistance of this type of VT is about 1,40ms. The equivalent ohmic resistance and the equivalent stray inductivity related to the primary side can be calculated by multiplying these secondary related values with the square of the winding ratio of the VT. Because of the high equivalent ohmic resistance related to the primary side, the maximal primary "injection" current into the 15KV distribution network cannot be higher than 1,09 A peak. The main advantage of this new " low cost injection method" is the fact that the injection process is initiated by the closure of an electronic switch and there is no need for an active injection signal source with the associated supply. For this test the described new and patented "injection method" was combined with another new patented method for the calculation of the amount of detuning in compensated networks. 
Part 2: active injection on a fixed coil, in parallel to the coil
In the second trial phase tested the "active pulse injection" method using the low cost VT as mentioned above. Because of the high equivalent ohmic resistances and stray inductivities of this type of VT, the frequency spectrum of the injected signals is limited to a frequency range up to 80Hz (narrow frequency range). For the estimation of the zero sequence network parameters the pulse response of the zero sequence voltage and current signals has to be measured and their Fourier Transforms calculated. Under usage of the spectral parts of these Fourier Transforms the parameters of the zero sequence system can be calculated with a special "best approximation" algorithm. For the execution of these tests the primary winding of the VT was connected in parallel to the terminals of a fixed Petersen Coil while a single pulse signal was injected into the secondary winding of the VT. Test numbers 6 to 10 concerned such an "active injection" into the zero sequence system using the VT. Test 6 results are displayed in fig. 7 .
Part 3: active injection into the 500V auxiliary winding of a mobile (adjustable) coil
In the third part of the tests the "active pulse" was injected into the auxiliary winding of a mobile (adjustable) coil. Because of the electrical characteristics of the auxiliary winding, the frequency range of the injection signal and, in consequence, of the zero sequence system signal responses are not limited to low frequencies. For the application of this method a pulse pattern is injected by the DMD into the zero sequence network to stimulate a frequency spectrum up to 300 Hz. As a result of a special network spectrum analysis, the spectral values of the zero sequence network admittances at 50Hz, 150Hz and 250Hz can be used together with the actual network phase voltages at 50 Hz and their harmonic parts at 150Hz and 250Hz to predict the maximum expected earth fault current in the case of a low-ohmic earth fault. In addition, an algorithm for the reconstruction of the current flowed on the earth fault location (post mortem analysis) can also be implemented. Both the above two functions were demonstrated during the tests relevant document [1] . The results (estimated parameters of the zero sequence system) are documented in Test numbers 11 and 12.
Test number 11 was executed with a single Petersen Coil in the network. Test number 12 was executed with an additional Petersen coil in the network (see Fig. 8 : current of suppl. coil I L1 ).
Part 4: passive injection applied directly to the busbar VT equipping the substation and feeding the protection system
In the last part of the tests the "passive injection" method was applied using the protective VT on the MV busbar. The specification of these VT was only partially available as they are "Unified Devices" in the ENEL substation, complying with the relevant specification but without information about specific stray inductivity and time constant. This test was achieved by coupling two networks ( busbars ) to get the VT of one busbar free for this application. Because of the coupling of two networks (double network capacity) the peak level of the zero sequence voltage change response was just 15V peak on the primary side (see Figure  9 ). For this type of "passive" injection the primary winding of the protective VT is connected between one of the phases and earth, while the secondary winding has been shortcircuited by an electronic switch of the "passive" injection unit for a few milliseconds (<4 ms). The result of the Test No 13 shows the zero sequence voltage response of the network in time and frequency domain and in consequence the resonant frequency and the amount of detuning.
CONCLUSION
The pulse injection method appears to be the most effective method, because of performance, independence from the coil type, and the possibility to inject indifferently into the neutral point, in parallel to the coil, or into a whatever phase, via a voltage transformer (VT) used for protection system. The impact on the primary side of the network is negligible. It is very fast and do not impact on protection system, due to the short pulse duration. It gives information a about the eventual presence of additional coils or compensation on the network (f.i. at the end of a line) allowing the possibility to detect possible coil paralleling among different substations It is simple to implement and gives the possibility to realize a number of possible applications, i.e.: -a coil controller independent from the coil manufacturer; -a portable tester; -a fixed coil monitoring system. 
